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The misfit dislocations in @001# Ge~Si!/Si islands grown at 700 °C were investigated using
transmission electron microscopy. 30° partial misfit dislocations are found both in the island/
substrate interface and near the island surface. Since the 30° partial leads the movement of the 60°
dissociated misfit dislocation in a ~001! compressively strained system such as ~001! GeSi/Si, a
generation mechanism of misfit dislocations through partial misfit dislocations half loops is
proposed. © 2002 American Institute of Physics. @DOI: 10.1063/1.1506414#
The fabrication of self-assembled semiconductor quan-
tum dots using heteroepitaxial strained-layer island
formation1,2 has raised great interest in the semiconductor
community due to the potential electronic and optoelectronic
applications of the quantum dots. One of the major problems
in these systems is that, when the islands grow beyond a
critical size, misfit dislocations, which produce deleterious
effects upon quantum dot properties, may form at the island/
substrate interface to relieve the misfit strain. For this reason,
strain relaxation through the generation of strain-relieving
defects has been investigated extensively both experimen-
tally and theoretically, with misfit dislocations being the de-
fects most commonly observed in incoherent islands. Based
on the fact that the highest stress in an island occurs at the
corner where the island meets the substrate, it has been sug-
gested that strain-relieving perfect misfit dislocations are
generated at the island edge when the island reaches its criti-
cal size.3–6 Their generation and morphology have been con-
sidered theoretically.7–9 In addition, partial misfit disloca-
tions have been identified in islands by scanning tunnelling
microscopy10 and transmission electron microscopy
~TEM!11–13 and a recent theoretical study14 has concluded
that partial misfit dislocations are energetically preferred to
perfect dislocations in some regions of quantum dots. In this
letter, we demonstrate evidence for an alternative generation
mechanism for misfit dislocations to originate from the is-
land surface through the nucleation of a partial dislocation
half loop, and the generation mechanism is discussed.
Ge islands were grown on p-type ~001! Si substrates by
solid source molecular beam epitaxy at a temperature of
700 °C and at a growth rate of 0.02 nm/s. Prior to Ge depo-
sition, a 30-nm-thick Si buffer layer was grown on the sub-
strates. The nominal thickness of the deposited Ge was 1.4
nm. With this deposition thickness, both coherent and inco-
herent ~dislocated! islands are observed having a range of
sizes, and suitable for investigating the defect formation
mechanism.
^110& cross-section and plan-view ~TEM! specimens
were prepared by ion-beam thinning using 3 keV Ar1 in a
Gatan precision ion polishing system. TEM investigations
were performed using a Philips CM12 and a JEM-3000F
operating at 120 keV ~for diffraction contrast TEM study!
and 300 keV @for high-resolution electron microscopy
~HREM! studies#, respectively. During the experiments, care
was taken to avoid electron beam damage which could po-
tentially create defects.15
Figure 1 shows typical ^110& cross-section bright-field
a!Electronic mail: zou@emu.usyd.edu.au
FIG. 1. Bright-field cross-sectional TEM images showing ~a! a coherent
island and ~b! an incoherent island.
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TEM images of ~a! a coherent island and ~b! an incoherent
island. Extensive TEM investigation from both plan-view
and cross-section specimens indicates that the islands with
base diameters as large as 100 nm are coherent. With larger
islands, misfit dislocations are observed in the island/
substrate interface. An example is shown in Fig. 1~b! where
perfect dislocations and a stacking fault are marked. Stacking
faults were observed frequently.
To explore the nature of the stacking faults and their
associated dislocations, HREM was employed. Figure 2~a!
shows two examples in which two partial dislocations are
seen: one near the interface ~marked P1! is associated with a
stacking fault that extends to the surface; another partial dis-
location ~marked P2! close to the island surface is associated
with a stacking fault which also extends to the surface. Fig-
ures 2~b! and 2~c! are enlarged HREM images, showing the
core structure of the P1 partial and the P2 partial, respec-
tively. By careful examination of the core of these partial
dislocations using the Burgers circuit suggested by Frank,16
the projection of the Burgers vector of the P1 partial dislo-
cation was determined to be 30° in character, and the same
conclusion was reached for P2 using a large Burgers circuit
@see Fig. 2~c!#. The dislocation core of P1 is clearly seen in
Fig. 2~b!, indicating that the segment of dislocation line lies
along the ^110& imaging direction. In Fig. 2~c!, the core
structure is not clearly delineated, suggesting that the front of
the stacking fault ~i.e., the partial dislocation associated with
the stacking fault! is curved in the $111% plane, as would
occur for a dissociated half loop dislocation.
To understand the generation mechanism of these partial
dislocations, we consider first the partial P1. It has been re-
ported that perfect dislocations can be generated by forming
curved dislocation loops around the island edge,11 by glide
along $110% planes to form straight 90° sessile dislocations,17
or by the combination of a Frank partial and a 90° partial to
form a straight 90° sessile dislocation.12 However, none of
these mechanisms can apply to the Shockley partial disloca-
tions, which could only be formed either as a grown-in dis-
location or by glide on the $111% plane. For the former case,
the partial dislocation and its associated stacking fault would
be generated during growth at the island edge ~the position
of highest strain!, and with further growth, the partial would
be buried in the island. Since its associated stacking fault
cannot terminate inside the crystal, the stacking fault would
grow with one end terminating on the 30° partial at the
island/substrate interface and the other end terminating at the
growing island surface. At some stage, it would also be pos-
sible for a 30° partial to be formed on the stacking fault at
the surface and glide towards the position P1 if it were en-
ergetically favorable, although there is no clear evidence that
this has happened in the case of P1.
For the P2 partial, two mechanisms of formation are
possible. First, a 60° dislocation at the island/substrate inter-
face could have dissociated into a 30° and a 90° partial. One
of these two partials could then have glided to the surface,
leaving behind the other partial and an associated stacking
fault. Studies of dissociated 60° glide dislocations in strained
layer systems18,19 show that, for a compressive strained ma-
terial grown on a @001# substrate, the leading partial is 30° in
character. Since the stacking fault in Fig. 2~c! must be termi-
nated by a combination of a 30° and a 90° partial dislocation,
and since P2 is a 30° partial dislocation, then this mechanism
is inconsistent with Fig. 2~c! unless the sign of the strain has
been switched from compressive strain to the tensile strain,
which is unlikely. The second possible mechanism for form-
ing P2 is by the generation of a partial dislocation at the
island surface, and the formation of a partial dislocation half
loop which would then glide towards the island/substrate in-
terface. For the same reason as discussed earlier, the result-
ing partial would be the 30° partial in character, in agreement
with Fig. 2~c!. This mechanism is also possible for P1.
The possibility of formation of 60° perfect misfit dislo-
cations from the island surface through a half-loop has been
suggested previously.9,20 Chen et al.11 also suggested a
mechanism of a 90° partial dislocation being generated from
the island surface to remove a pre-existing stack fault and
consequently forming a 90° perfect sessile dislocation. How-
ever, there appears to be no previously reported evidence for
the 30° partial misfit dislocations to be generated at the sur-
face of quantum dots.
As a consequence of these observations, it is argued that
the partial dislocations shown in Fig. 2 are consistent with
the interfacial dislocations being generated by the $111% glide
of half loops originating at the island surface. This is similar
to the model of half loops being the source for misfit dislo-
cations in strained heterostructures.21–23 For a half disloca-
tion loop generating from a surface in an equilibrium condi-
tion, the change to the system energy DE depends upon four
terms DE5Ed2E«6Es1Esf , where Ed is the dislocation
energy, E« is the strain energy released by introducing the
half loop dislocation, Es corresponds to a surface step cre-
ation ~1! or removal ~2! during the formation of the half
loop, and Esf is the stacking fault energy ~in the case of
partial dislocation!. DE is a function of the loop radius R,
and passes through a maximum R5RM for small R before
decreasing. This maximum value DEM is the activation en-
ergy which must be provided for the dislocation loop to over-
come the barrier and glide down to the interface. However,
we note that the curved surface of the island means that a
FIG. 2. ~a! Two partials with one ~P1! close to the island/substrate interface
and the other ~P2! near the island surface, ~b! an enlarged HREM image
showing P1 has 30° character, and, ~c! an enlarged HREM image showing
P2 also has the 30° character.
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shorter line length is possible @the loop can in fact be a
straight line ~chord!# thus reducing Ed ~which is proportional
to the dislocation line length! relative to E« . Consequently
we can expect the energy barrier for this mechanism to be
lower than for layer-by-layer heterostructures, but not negli-
gible. Nevertheless, our calculation ~based on the formula for
layer-by-layer heterostructures to give a qualitative under-
standing! shows that the energy required to form a 30° partial
dislocation half loop is much less than that required to form
a 60° perfect dislocation half loop. This suggests that form-
ing the 30° partial dislocation half loops would be energeti-
cally favorable compared with forming 60° perfect disloca-
tion half loops.
To support the model of a surface partial dislocation loop
gliding to the interface during island growth, two questions
need to be answered: ~i! why the ~partial! dislocation can be
nucleated at the island surface given the fact that, at or near
the surface, the misfit strain is small compared with its value
at the island/substrate interface; and ~ii! if a ~partial! dislo-
cation loop is formed at the island surface, there needs to be
a mechanism/driving force for the loop to grow to the critical
size ~corresponding to RM) to overcome the energy barrier.
First, we note that an energy of a few tens of kT ~50 kT
suggested by Matthews21 and 88 kT suggested by Hirth24! is
available to the system. Although this energy is generally
below the required activation energy ~depending upon the
misfit strain!, it could be sufficient to nucleate half disloca-
tion loops at the island surface, given the large density of
surface steps in an island and the non-equilibrium conditions
during growth ~see later!.
With regard to the second question ~i.e., how then can
the energy barrier be overcome!, two mechanisms are sug-
gested.
~i! In the equilibrium model, any nucleated loop will
remain close to the surface as the island grows, and move
outwards with the surface. However, if the loop becomes
retarded or pinned ~which is possible given the alloying
flux!, its line length and radius will increase as the island
grows, and the loop radius might be carried beyond RM , and
then glide spontaneously to the island/substrate interface.
~ii! Electron microscopy of in situ growth studies25,26
shows that, during the island growth, the island morphology
is far from equilibrium ~kinetics dominate the growth!, so
that fluctuations in the local stress near the surface @e.g., due
to sudden changes in surface topology or in local alloying
~concentration!# could provide the activation energy re-
quired.
Based on these arguments, we conclude that it is pos-
sible to form partial misfit dislocations from the island sur-
face at high temperature and the physical picture of the misfit
dislocations introduced by the half loops can be summarized
as follows.
~1! The system provides sufficient energy to nucleate partial
half dislocation loops, assisted by the removal of surface
steps20,27 and high temperature ~the nucleation rate is
largely affected by the temperature!.
~2! Most of the loops are repelled by the dislocation line
tension, but some loops can overcome the energy barrier
either by being pinned during island growth or by fluc-
tuations in local stresses during the growth. The partial
dislocation P2 shown in Fig. 2 is evidence that such
partial loops exist.
~3! Once the radius of the half loop reaches the critical ra-
dius, it can enlarge spontaneously; and when the loop
front reaches the island/substrate interface, the loop front
can elongate in the interface to form a misfit dislocation.
We may further speculate that, with this model, some of
the 60° perfect misfit dislocations observed could be formed
by the subsequent nucleation of a 90° partial dislocation at
the stacking fault surface,12 followed by glide until the 90°
partial dislocation combines with the 30° partial dislocation
to form a 60° perfect dislocation.
We believe that the reason the misfit dislocation genera-
tion mechanism has been seen in this system is due to the
high growth temperature ~700°C!, which would provide a
significantly high nucleation rate for these loops, compared
with the situation at lower temperature growth.
In conclusion, we have proposed a model, consistent
with the evidence, for the formation of 30° partial misfit
dislocations at the island surface, followed by glide to
the island/substrate interface at a high temperature grown
Ge~Si!/Si system.
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